INTRODUCTION
Since the ancient beginnings of neurosurgery-with trepanations known since thousands of years BC and particularly since the 1980s with the emergence of current neurosurgery techniques-the requirements for good surgery have become stricter and stricter, thus reducing the surgical field, limiting damage to healthy tissues, and attempting to preserve the functionality (and connectivity) of brain tissues. The need for precision and microscopic scales has made neurosurgery a clinical domain receptive to the use of robotic tools [1] and [2] . Robotic neurosurgery is undergoing deep changes in recent times, mainly resulting from advances in medical imaging techniques (CT, MRI, f-MRI or DTI) enabling better planning the surgical operation to be performed, [3] and [4] . However, during the medical procedure, the brain shifts and deforms (a phenomenon known as brain shift) because of several factors: loss of cerebrospinal fluid (CSF), the action of gravity, the size and location of the surgical target, resections and drug administration, among others [5] - [7] . Consequently, the spatial relationships and planning of the neurosurgery with preoperative images are altered. As a result, navigation accuracy during the procedure is reduced and the surgeon cannot fully rely on the spatial information provided by the navigation system [8] . At present, much research is carried out in the world in order to correct brain shift and try to transfer the pre-established work plan to the intra-operative reality in neurosurgery [9] - [13] .
The aim of this article is to present a review about the problem of displacements suffered by brain tissue during neurosurgery, and to show the evolution of this procedure thanks to the applications of robotics and medical imaging modalities. The article begins with the general aspects of neurosurgery. Later, it mentions the robotic systems used to perform the procedures. Afterwards, the brain shift phenomenon is presented and analyzed, revealing aspects of the collection of information (medical images and others) during the preoperative and intraoperative stages that are affected by brain shift. Next, future perspectives in neurosurgery are presented, taking into account robotic systems as well as brain shift prediction and correction.
NEUROSURGERY
Neurosurgery deals with the diagnosis, treatment (intervention) and post-surgical rehabilitation of patients with central nervous system injuries [14] . Stereotactic neurosurgery has allowed for several surgical procedures such as biopsies, hematoma evacuation, drug delivery, surgical resection, SEEG (radiosurgery stereoelectroencephalography) and DBS (deep brain stimulation), among others. All these procedures, known as keyhole surgeries, have in common a trepanned entrance hole in the exterior of the skull [15] .
Recent improvements in medical imaging techniques have led to major advances in neurosurgery. The combination of new imaging modalities and neuronavigation systems provide neurosurgeons with the ability to accurately visualize the surgical anatomy and locate the pathology during a procedure. For instance, an optimal trajectory can be selected prior to the operation to minimize the invasiveness of the neurosurgical procedure and to prevent perforation of functional neural tissue. In addition, the combination of neuronavigation and other imaging techniques allow to improve the identification and location of critical structures adjacent to the edge of a lesion, thus avoiding damage to these areas during removal [16] and [17] . Minimally invasive neurosurgery (MIS) benefits from these advances [18] . MIS refers to surgeries performed through small incisions (or using natural orifices) to minimize trauma to the body as well as to reduce patient recovery time and hospitalization costs [19] and [20] .
Since some years ago, diverse teams of neurosurgeons have performed minimally invasive surgeries to achieve better results compared to open (invasive) surgical procedures [21] . A clear example of MIS is endonasal endoscopic surgery. It offers neurosurgeons a minimally invasive surgical technique for procedures in the cranial base in which specific surgical instruments and an endoscope are inserted through the patient's nostrils. This procedure is known as EEA (endoscopic endonasal approach) [22] - [24] . Fig.1 shows the focus of an EEA procedure. However, in this type of approach, the neurosurgeon's movements must be controlled and precise given that critical anatomical structures coexist in the operative field. In addition, the three-dimensional view the surgeon has in open surgeries is lost. Likewise, in this approach the efforts exerted on the surroundings of the nostrils should be minimized due to their greater rigidity and the delicacy of their tissues [25] . There are also difficulties such as video camera positioning control, ergonomic difficulty in the surgical procedure, surgeon training, loss of tactile sensation of the patient, and lack of rotation of the physician's wrist joint [26] . There is also a great disadvantage in neurosurgery related to the deformable nature of living tissue, which is mentioned and studied by various clinical and research teams [27] - [29] . During surgery, the deformation and displacement of the brain tissue alter the spatial relationship between the patient and the volumes of preoperative images, resulting in location errors. This phenomenon is commonly known as "brain shift" [25] . The opening of the skull and dura mater, loss of cerebrospinal fluid, reduction of intracranial pressure and placement of surgical devices during neurosurgery contribute to intraoperative cerebral deformation [30] . The surface of the brain can deform up to 20 mm after the skull is opened; also, resection of large lesions can increase the deformation of brain structures, even up to 50 mm [31] . Despite all the advances made over recent decades in the field of cerebral imaging, brain shift still causes a significant decrease in the accuracy of the commercially available neuronavigation systems that record the preoperative images to carry out intraoperative location of tumors or other lesions [32] .
On the other hand, neurological morbidity is of great importance because the brain, the spinal cord and the peripheral nerves exert total control over the neurological functions of the whole body. That is why the injuries that affect these structures have huge physical, psychic and social repercussions [33] . This situation has led to studies of the most common neurological pathologies [34] in many countries, which has helped to improve neurosurgery planning protocols as well as the care of and intervention in patients suffering from these conditions [35] .
ROBOTICS IN THE NEUROSURGERY FIELD
In general, as mentioned above, there are several difficulties in neurosurgery: limited degrees of freedom on the part of the neurosurgeon, loss of depth perception, lack of flexibility to reach anatomically complicated spots, downward drift, and brain shift, among others [14] . Due to the problems in this field, robotic systems have been used to solve some of them. The use of robotics in surgery has grown exponentially for the last 15 years; its greatest contribution is made in orientation and positioning of surgical instrumentation, greater degrees of freedom, superior threedimensional view, improved resolution, elimination of trembling, scaling of the neurosurgeon's movement, and imposition of physical restrictions to avoid delicate areas [36] . Robotic surgery has opened a new era in minimally invasive procedures (avoiding in some cases the need for open and morbid approaches) which in turn can improve functional outcomes [19] and [37] .
Robotized systems such as SurgiScope, Neuromate, Rosa, and others have enabled the modification of neurosurgical procedures, mainly due to the introduction of image-guided surgery [38] . Table 1 summarizes different contributions of the field of robotics to neurosurgery. Many of these contributions have resulted in commercial products currently in use. Table 1 shows that there are different approaches with different mechanical designs of robotic systems. However, only three types of control architectures can be found, as follows. i) Supervised control: The surgeon plans the movements of the robot off-line and, during the operation, the robot moves autonomously under the supervision of the doctor. ii) Tele-operated control: The slave robot is controlled by the remote manipulation of a master device operated by the neurosurgeon, usually with force feedback capability. iii) Shared control: Both the robot and the surgeon have control over the surgical instruments. The surgeon controls the surgical procedure and the robot is also used as a limitation to the movements of the hands of the former to avoid tremors and improve safety on delicate surgical areas.
The robotized systems (mentioned in Table 1 ) have allowed the improvement modification of procedures associated with neurosurgery by making use of medical imaging guides during the procedure [48] . Several clinical teams have performed surgical operations with access to the base of the skull through the nasal fossa [22] [23] [24] and [49] using Intuitive Surgical's commercial system, Da Vinci: a generalpurpose teleoperated surgical robotic system. Several advantages are described in works with this robot. They include the use of the robot for accessing the base of the skull and its possibility of reconstruction, sealing the dura mater after the operation, absence of trembling and the advantage that scaling offers in the tele-operation scheme. However, a disadvantage is the use of a large-scale system that causes an excessively invasive procedure while not allowing access to all areas, such as the ethmoid bone or the anterior cranial fossa. Other neurosurgery assisting robots focus on the location of electrodes in deep brain areas and on shared control for craniotomy, but few of them on endoscopic management of the endonasal approach. Also, there are brain lesions at the base of the skull such as pituitary tumors, chordomas, craniopharyngioma, cysts or meningiomas that are difficult to access using the techniques mentioned above [50] .
Nevertheless, there is still room for improvement, particularly in terms of cost reduction and the development of smaller and more powerful robotic systems [3] , [51] and [52] .
Despite the great advances in the field of robotic neurosurgery, problems related to the deformable nature of the biological tissues involved-which cause difficulties in the use of classic schemes of humanrobot control and interaction-are still the object of recent research [53] . In addition, it would be desirable for robots assisting neurosurgical tasks to incorporate a neuronavigation system that provides updated information on cerebral displacements. Such system might predict and estimate brain shifts by using finite element models that are fed intraoperative signals from ultra sound or radio frequency sensors. This way, the assisting robotized system would have reliable information about the location of the spots to be treated during surgery (taking into account brain shift) and hypothetically the results of medical procedures would be better. The brain shift phenomenon is presented in detail below.
BRAIN SHIFT IN NEUROSURGERY
Brain shift is the geometric transformation the brain undergoes during the course of the operation; all the structures of this organ and, therefore, the locations to be treated in the intervention are completely displaced. This results in a loss of reference with respect to the volumes of neurosurgical images acquired in the preoperative phase. There are two main reasons for this brain shift. First, the opening of the dura mater (a membrane that covers and protects the brain) causes large nonlinear deformations due to pressure changes and cerebrospinal fluid loss, [54] and [55] . The surgical procedures of resection, cuts or excision are the second cause [56] . Different authors argue that brain shift is one of the greatest causes of failure in neurosurgical procedures with neuronavigation systems [8] and [57] . Fig. 2 shows the brain shift phenomenon. Intraoperative imaging technologies that use magnetic resonance imaging (iM-RI) [58] , computed tomography [59] and ultrasound [60] have been shown to be beneficial for resection control as well as detection of brain changes [1] . iMRI in particular offers a very convenient solution to obtain several surgically relevant parameters such as the location and edge of the tumor as well as functional brain parameters (e.g., blood flow perfusion and chemical composition) [61] . Currently, the main way to deal with the brain shift problem during neurosurgery is the use of intraoperative magnetic resonance imaging. Nevertheless, intraoperative imaging techniques are classified as invasive methods, since the body is exposed to the harmful effects of magnetic fields and X-rays [62] . In addition, neurosurgery rooms equipped with iMRI are not very common in the vast majority of hospitals because of their high cost and the fact that all surgical instruments and anesthesia equipment must be suitable to be used in such an environment [16] . Another aspect to keep in mind is that, with the use of iMRI, the time of each scan extends by about 20 min [63] and the flow of information can be interrupted during the neurosurgery [25] .
Several authors have proposed solutions to address the problem of brain shift. In [64] , Letteboer and his group propose the use of a 3D ultrasound system to obtain an image of the brain volume. This work uses a 3D ultrasound probe, superimposing the information of the ultrasonic waves on a rigid pre-operative model obtained by magnetic resonance imaging. Differences between solid tissues and hyperechogenic structures have also been used to study the brain shift phenomenon [65] . Uff and his team [66] extend the use of the ultrasound signal to generate elastograms that enable the visualization of differences in the biomechanical characteristics of tissues, so that healthy and damaged tissue can be differentiated. Nonetheless, they do not detail the process to acquire the ultrasound data. Other approaches have made use of optical systems [40] to "track" anatomical points. However, the limitation of this approach is that the marker should be visible. Even more interesting are the approximations that make use of a mathematical-physical model of deformations to predict the displacements of all points of the brain [54] and [55] . But they require a model validation process which is often not easy to carry out due to the difficulty of measuring the actual displacements to check the generated model [56] . On the other hand, the input information for the model is provided by the displacements of the points that are measurable (visible) by optical methods, which produces an important bias in the input data. Other authors adopt a method to integrate retraction modeling into neurosurgery by using a framework based on atlas deformations (a set of possible deformations predicted by a biomechanical model) to compensate for the brain shift effect [55] . Table 2 presents a summary of the most recent studies regarding brain shift.
As can be seen in Table 2 , a growing number of authors have begun to investigate the possibilities of correcting brain shift change during neurosurgery [64] . Computational modeling methods, such as finite element analysis [54] and [79] , are often used and combined with intraoperative image data to provide a brain shift compensation strategy. Efforts are also being made to address the complex issues of living tissue (brain) modeling and obtaining information about its response to This work presents a computational craniectomy model that helps to quantify brain shift, axonal stretching and shearing. The study allows to infer or identify (personalized) high-risk regions vulnerable to brain damage during the surgical procedure. A combined registration and finite element analysis method for fast estimation of intraoperative brain shift [68] Tehran
University of Medical Sciences
This study proposes a combination of preoperative and intraoperative information registration. It uses optimized algorithms in a piece of software for analyzing finite elements, which enables to shorten the calculation procedures of volumetric deformation. The authors of the study hope that the proposed method will accelerate the overall brain shift estimation procedure. Estimation of intraoperative brain shift by combination of stereovision and doppler ultrasound [69] Ryerson University and Tehran University
The authors of this study propose a new combination of superficial images and intraoperative doppler images to calculate the displacements of the cortical surface and the deformation of the internal vessels. They estimate the brain shift using a finite element model (FEM). Clinical evaluation of a model updated image guidance approach to brain shift compensation [70] Vanderbilt University and Memorial Sloan Kettering Cancer Center
In this study, the authors evaluate the robustness and precision of a biomechanical model for brain shift correction that was developed for tumor resection surgery.
Anticipation of brain shift in deep brain stimulation automatic planning [71] University of Strasbourg and others
The authors present an automatic planning approach for deep brain stimulation (DBS) procedures that takes into account brain deformation. They present an optimized FEM algorithm that includes brain shift simulation. Evaluation of conoscopic holography for estimating tumor resection cavities [72] Vanderbilt University This study investigates the use of a low-cost acquisition method to measure brain shifts produced by the resection of a tumor. The method is based on the principle of conoscopic holography. Near real time computer assisted surgery for brain shift correction using biomechanical models [73] Vanderbilt University Medical Center
In this paper, the authors present the development of a new line of preoperative and intraoperative computational processing for brain shift correction in almost real time (automating and simplifying processing steps).
A projected landmark method for reduction of registration error in image guided surgery systems [74] Tehran University of Medical Sciences Image-guided surgery systems are limited by the registration error, so it is necessary to use practical and effective methods to improve accuracy. In this project, the authors develop and test a method based on the projection point to reduce superficial registration error in guided image surgery. Real time nonlinear finite element computations on GPU application to neurosurgical simulation [75] University of Western Australia
The aim of this study is to significantly increase the efficacy and efficiency of image-guided neurosurgery by including realistic brain shift calculus using a completely nonlinear biomechanical model. A brain deformation framework based on a linear elastic model and evaluation using clinical data [76] Digital Medical Research Center, Shanghai Medical School, and others In this project, the authors implement and evaluate a model based on linear elasticity for brain shift correction using clinical data from five brain tumor patients.
Doppler ultrasound driven biomechanical model of the brain for intraoperative brain shift compensation: a proof of concept in clinical conditions [77] Joseph Fourier University and British Columbia University This work presents a neuronavigator that approaches the subject of brain shift and offers passive help to the surgeon by visualizing the position of guided tools with respect to the corrected location of the tissues. The authors argue that tumor resection is the cause of most intraoperative brain shifts and, therefore, its modeling is the next challenge in neuronavigation based on biomechanical models.
A sparse intraoperative data driven biomechanical model to compensate for brain shift during neuronavigation [78] Shanghai Neurosurgical Center and others This project presents a brain shift calculation based on a linear elastic model and its implementation in the 3DIMAGE system (developed by the same research group). The precision of the brain deformation compensation of this model was validated with real-time image data acquired from the PoEStar system. different loading conditions [80] . Researchers are also working to develop sophisticated computational models with general anatomical information and complex structural information (e.g., aided by diffusion tensor images and elastography) [81] . In addition, multiphysics platforms are being developed for modeling; they incorporate a variety of constitutive laws as well as interactive simulation conditions, including nonlinear deformation effects (e.g., SOFA) [73] .
Modeling cerebral displacement from preoperative and intraoperative information provided to measure the brain shift effect during surgery is important if you understand that the developments in this field are minimal compared to other studies in medicine and that they can hypothetically be a solution that leads to precise surgical navigation, in which trajectories can be planned to minimize the damage to healthy tissues during neurosurgery [82] .
PERSPECTIVES IN NEUROSURGERY TAKING INTO ACCOUNT ROBOTICS AND BRAIN SHIFT
The panorama of neurosurgery is constantly evolving; its challenging mission is reaching all corners of the nervous system. Advances in robotics, modeling of brain tissue behavior, and imaging-guided surgery techniques are expected to allow for great achievements in this field [83] . In terms of future perspectives, robotic systems are expected to provide the neurosurgeon with greater assurance during the intervention, including assistance in the form of automatic, collaborative, or shared-control movements, as well as augmented reality.
A research team with members of three Spanish universities are working on a robotic system that adapts to the ergonomics of the neurosurgical intervention. Therefore, accurate surgical navigation can be relied upon based on online information to measure the effect of brain shift, while taking into account preoperative planning. Also, this system is expected to have an automatic surgical tool exchanger. This way, the robotic system seeks to incorporate-into a fault-tolerant cognitive architecture-a movement control system that avoids damage to the nasal fossa, a collaborative movement planner with learning ability, and a mathematicalphysical model for predicting threedimensional displacements of the brain based on intraoperative information.
It is noteworthy that the proposal of the Spanish group seeks the integration of two innovative concepts in robotic neurosurgery: a collaborative surgeon-robot architecture based on the robot-assistant concept and a navigation system capable of managing brain shifts. Thus, the challenges they pursue are based on tracking trajectories that interact with deformable tissues, the combination of real and virtual images to manage brain shift and the identification of the procedure workflow. All these challenges are grouped into a "co-worker" robot scheme in which the key is human-machine collaboration and the learning of the latter as it accumulates experience in working with the surgeon.
On the other hand, the University of Calgary, Canada, has its own novel robotic platform (NeuroArm) for microneurosurgery that is compatible with iM-RI. According to promising results with its first case studies [19] , such platform requires short-term additional clinical studies to determine the feasibility of integrating robotics into the workflow of micro neurosurgery.
In [84] , Kuhl and her team at Stanford University propose pose different research and medium and long-term efforts to provide neurosurgeons with new tools. The latter include computational simulations of anatomically realistic brain tissue behavior (which requires an interdisciplinary approach combining the fields of mathematical physical modeling, scientific computation and medical imaging) along with contour conditions and under different loads that enable to look inside the brain and make more informed decisions. Therefore, the development of a computationally efficient numerical model with high capacity to predict deformations remains a significant challenge [85] . In [86] , Broggi, a neurosurgeon and professor at Carlo Besta Neurological Institute in Milan, Italy-based on his years of experience with a variety of approaches to understand and treat the human brainbelieves that the future of neurosurgery in the short and medium-term is the validation of and experimentation with new assistance technologies that support current neurosurgical procedures and make use of robotics and virtual reality. Likewise, the trend of technological progress points towards the development of miniaturized, cost-effective and more intuitive robotic solutions, [3] and [35] . In the future of neurosurgery, with possible advances, hypothetical approaches could be planned to ensure minimal invasion during medical procedures that take into account the restriction of movements and optimization of brain shift effects [67] , [69] and [73] . Finally, although it is known that intraoperative magnetic resonance imaging or computed tomography improve the precision of guided neurosurgical procedures, few studies have examined the cost-benefit of these expensive systems, leading to a new field of study and analysis in neurosurgery, [16] and [87] .
CONCLUSIONS
This article presents the state of the art of neurosurgery, the contribution of current robotic systems for assisting the surgeon, and the problems and solutions proposed to the challenge imposed by brain shift. There are several scientific challenges in the development of this field and, in the future, the inclusion of miniaturized robotic tools in surgical procedures is inferred.
The most significant limitation to neuronavigation during surgery is the loss of correlation between the preoperative 3D model and the surgical probe, due to the brain shift phenomenon. Thus, neuronavigation systems that include the ability to compensate for brain shift and, therefore, improve the accuracy of neurosurgical procedures in a cost-effective way are likely to be the next breakthrough in image-guided neurosurgery.
The introduction of robotics in neurosurgery and the assistance of new imaging techniques enable a more precise identification and location of surgical targets. This situation leads to a more complete removal of pathologies and helps to avoid important damage to neural structures, which results in a decrease in patient morbidity and mortality.
